ABSTRACT
Identification of genes associated with development and differentiation is an important step for advanced understanding of these phenomena. Early methods developed to identify and clone such genes were primarily based on the principle of subtractive hybridization (1) (2) (3) (4) . Despite their usefulness, these methods can analyze only a fraction of the overall changes in gene expression, require large amounts of RNA, and are lengthy and laborious. Recently, Liang and Pardee (5) developed a gel-based technique that facilitates a rapid and extensive analysis of differentially expressed mRNAs. Several groups have successfully used this technique to identify differentially expressed genes (6) (7) (8) . However, certain limitations associated with this technique such as the lack of quantitative correlation with mRNA abundances, a significant incidence of false-positive signals, variable reproducibility of the display patterns, and underrepresentation and redundancy of mRNA signals (6, 9, 10) make it difficult to fully evaluate differential gene expression. More importantly, the size of bands is not always readily predictable from the mRNA sequence.
Amplification of cDNAs at the low primer annealing temperature of 40°C, a nonstringent PCR condition, is considered a major limitation of current gel display protocols (6, 11, 12) . Adaptations of the original protocol have been reported in order to overcome some of these limitations such as the use of 1-base anchored oligo(dT) primer for increased representation of mRNAs (9) and the use of long composite primers to achieve reproducible patterns under more stringent PCR conditions (9, 10) . However, all these modifications continue to involve annealing of arbitrary primers at 40°C for cDNA amplification in the first few or all PCR cycles.
In this report, we present an alternative approach for cDNA display on gels. Display patterns are generated when restriction enzyme-digested double-stranded cDNA is ligated to an
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adapter that mediates selective PCR amplification of 3'-end fragments of cDNAs under high-stringency PCR conditions instead of nonstringent arbitrary cDNA amplification. A diversity of patterns is generated by choosing different sets of restriction enzymes and anchored oligo(dT) primers with a heel. Since all cDNAs in a sample acquire a common heel from the oligo(dT) primer during synthesis, most cDNA molecules in a subset [determined by the anchor nucleotides of the oligo(dT)] can be displayed by choosing a combination of restriction enzymes, thus significantly reducing underrepresentation or redundant representation of mRNAs. This approach provides near-quantitative information about the levels of gene expression, can resolve hidden differences in the display gel, produces a single band for each mRNA species, and produces bands of predictable size for known gene sequences. Most importantly, the method produces consistently reproducible display patterns.
In the present study, we examined patterns of RNA expression during early T-cell activation, an extensively studied phenomenon associated with induction of a large number of genes within a relatively short period of time (13, 14) . Curiously, there is a limited description of genes that are downregulated upon T-cell activation (15, 16) . The present approach offered a convenient method for looking for such products.*
MATERIALS AND METHODS
Stimulation of Jurkat Cells and RNA Isolation. Conditions for growth and activation of Jurkat and peripheral blood T cells, respectively, have been described (16, 17) . Total cellular RNA was prepared from untreated and 4-hr phorbol 12-myristate 13-acetate plus phytohemagglutinin-activated Jurkat cells using Trizol reagent (GIBCO/BRL).
cDNA Synthesis and Adapter Ligation. cDNA was synthesized according to the protocol described in the GIBCO/BRL kit for cDNA synthesis. The reaction mixture for first-strand synthesis included 10 ,ug of total RNA, and 2 pmol of 1 of the 2-base anchored oligo(dT) primers with a heel such as RP5.0 (CTCTCAAGGATCTTACCGCTT18AT), RP6.0 (TAATA-CCGCGCCACATAGCAT18CG), or RP9.2 (CAGGGTAGA-CGACGCTACGCT18GA) along with other components for first-strand synthesis reaction except reverse transcriptase. This mixture was layered with mineral oil and incubated at 65°C for 7 min followed by 50°C for another 7 (from the lO(x enzyme buffer), which diluted to the optimum of 1.5 mM in the final PCR vol of 20 gl. Since Mg>+ comes from the restriction enzyme buffer, it was not included in the reaction mixture when amplifying secondarily cut cDNA. Bands were extracted from the display gels as described (7), reamplified using the 5' and 3' primers, and subcloned into pCR-Script with high efficiency using the PCR-Script cloning kit from Stratagene. Plasmids were sequenced by cycle sequencing on an ABI automated sequencer.
RESULTS AND DISCUSSION
The general scheme for our approach is shown in Fig. l . A 2-base anchored oligo(dT) primer with a heel is used for first-strand cDNA synthesis from total RNA using reverse transcriptase followed by second-strand synthesis by the Gubler-Hoffman method (18) . All cDNA molecules thus acquire a common 3' heel. This cDNA is digested with a restriction enzyme and ligated to a Y-shaped adapter similar in principle to the bubble adapter (19) . The adapter has an overhang on its 3' end for ligation, and on the 5' end it has a stretch of noncomplementary sequence on the opposite strands giving rise to its Y shape (Fig. 1) . The 5' PCR primer is made from this Y region ( Fig. 1 ) and therefore cannot anneal to the adapter itself. The upstream fragments of digested cDNA with adapter ligated on both the ends or only one end in the 5'-terminal piece will, therefore, not be PCR amplified. However, the 3' primer anneals to the heel of the 3'-end fragments of cDNA during the first PCR cycle and extends DNA synthesis into the Y region of the ligated adapter, thus synthesizing complementary sequences to which the 5' PCR primer can now anneal. The two PCR primers can then selectively amplify the 3'-end fragments of the cDNA under stringent PCR conditions. Each 6-base cutting restriction enzyme cuts -8% of the cDNAs at positions between 50 and 400 bases from the poly(A) tract so that more than 12 6-base cutters will be needed to approach complete representation of cDNAs, each being used with several different anchored oligo(dT) primers. Also, we estimate that, at best, 100-150 discrete bands can be detected in a single gel lane. Therefore, at least 100 lanes need to be run under different conditions to study the overall pattern of gene expression in any single cell type.
A major advantage of the present approach is that the size of a known cDNA product and hence its position on the display gel is predictable. Interleukin 2 (IL-2) is a well studied cytokine expressed only in activated but not in resting T cells (13) and should be displayed as a band of predictable size. To confirm this and to test the ability of the method to display differences, we made cDNA from resting and 4-hr activated human peripheral blood T-lymphocyte RNA using oligo(dT) primer RP 5.0, which has a heel and 3' anchor residues Proc. Natl. Acad. Sci. USA 93 (1996) When added to the sizes of the 3' oligo(dT) and 5' adapter, this should produce a band of 209 bp on the display gel. A distinct band of the predicted size was produced in the activated but not in the resting T-cell sample on display of BstYl cut cDNA (Fig. 2, lane 2) . Sequencing of this fragment confirmed the presence of the 5' adapter followed by a BstYl site, IL-2 3'-end sequences, the polyadenylylation signal AATAAA, the downstream oligo(A) tract, and the heel primer (data not shown).
We then compared RNA from resting and 4-hr activated Jurkat cells. We initially displayed 3' cDNA fragments produced by restriction enzymes Bgl II, Bcl I (data not shown), and BamHI as they produce GATC overhangs compatible with the same adapter. These enzymes produced different display patterns with the same pool of cDNAs (Fig. 3B) . Moreover, these patterns were consistently reproducible in several different sets of experimental conditions described in the legend to Fig. 3 . The reproducibility of the method was also illustrated by the large number of common bands between untreated and activated Jurkat cDNAs (Figs. 2 and 3) .
To examine the validity of differences seen on the display gels, bands were subcloned and sequenced, and a specific pair of oligonucleotide primers based on these sequences was used for reverse transcription PCR (RT-PCR) (17) Overlapping bands that mask the true differences can be resolved on recutting the adapter ligated 3'-end cDNA fragments (shown in step 5 of Fig. 1 ) before PCR amplification. If a site for a restriction enzyme used for recutting is present in one of the two comigrating bands, it will be cut into one part with an adapter and the other with a heel, which cannot be PCR amplified and will therefore be eliminated. Using this approach, we successfully uncovered additional differences between untreated and 4-hr activated Jurkat cells when Bgl IT-cut and adapter ligated cDNA was further digested with Hinfl (Fig. 3C , see arrows pointing to lane 4; see also Fig. 4) .
The choice of enzymes for primary or secondary cutting was arbitrary although a combination of more than one enzyme can be used for recutting. Another advantage of recutting is that recovery of low-abundance cDNAs is enhanced because removal of high-abundance bands by recutting allows access of these fragments to PCR primers (Fig. 3C, lanes 3 and 4) . In addition, recutting can be used to minimize redundancy between fragments in different lanes. For example, Bgl TI-cut cDNA fragments can be recut with BamHl and vice versa, so that the two samples share no amplified products. Confirmation that a band corresponds to a known cDNA sequence can be obtained by recutting the cDNA with appropriate restriction enzymes prior to amplification. A large number of variations of the display patterns can therefore be produced in this method to look for differentially expressed genes by (i) a combination of a number of different 2-base anchored oligo(dT) primers with a heel for making cDNAs, (ii) a number of different restriction enzymes that can be used for primary cutting of these cDNAs and, (iii) the number of restriction enzymes used for secondary cutting for each primary cut.
Consistent with the reproducibility of the gel patterns, most differences in the intensity of cDNA amplification products corresponded to differences in mRNA levels. A total of 16 bands were subcloned, sequenced, and examined by RT-PCR. Of these, 15 showed changes in levels of expression predicted from the gel pattern (Fig. 4) . Of the 15 sequences, 1 was c-myc transcription factor Puf (22), 1 was IL-2 (21) , and the remainder were novel sequences not represented in the data bases. Each product contained a polyadenylation signal upstream of the oligo(dT) tract. At the other end of each product, the expected 4-base overhang of the adapter was seen, followed by the base predicted from the specificity of the enzyme used for the initial cutting of the cDNA. For example, bands from display patterns generated with the enzyme Bgl II all had the sequence of the adaptor including the GATC of the adapter overhang, followed by a T that would be expected if the 5' end of the attached cDNA had been generated by Bgl II. In every instance, bands recovered from the gel lacked internal cleavage sites for the restriction enzymes used for primary or secondary cutting. The levels of PCR products of the 12 induced and 1 down-regulated cDNAs and presumably their mRNAs vary with respect to IL-2 and j3-actin (Fig. 4) . There 7) and activated (lanes 6 and 8) Jurkat cells when ligated to adapter and PCR amplified. Separate adapter ligations to aliquots of the same batch of restriction enzyme-digested cDNAs, as expected, showed identical patterns (data not shown). However, in the absence of adapter ligations no pattern was generated (lanes 9 and 10). All samples in A and B were run on the same gel; however, lanes [1] [2] [3] [4] intensity of the band under consideration and unligated cDNAs were PCR amplified as controls. We found that subcloning a band of interest is better than direct analysis of the reamplified band recovered from the gel, and it is necessary to determine whether the recovered band is of the correct size.
Increasing the number of adapter ligated 3'-end cDNA fragments in a sample can cause blurred patterns. Sau3A1 (a 4-base cutter) produced smeary patterns, although the same amount of cDNA digested with Bgl II or BamHI (6-base cutters) produced clear gel patterns. Sau3A1 being a frequent cutter produces more amplifiable 3' ends from a cDNA population, which then crowd together on the gel. RNA primed with oligo(dT) primers containing a mixture of bases in the subterminal anchor position produced crowded patterns because a larger number of cDNA molecules are synthesized.
The extent to which anchored oligo(dT) primers prime cDNA synthesis from mRNAs whose sequence does not match the anchor bases perfectly has been a major limitation of cDNA display methods. We tried a number of conditions to enhance specificity of this priming and found that primer extension by reverse transcriptase at 50°C was optimal. However, even under these optimized conditions some known cDNA products arose because of mispairing or looping out of the subterminal anchor base (data not shown). Nevertheless, different yet consistent and reproducible patterns were obtained with cDNAs made from oligo(dT) primers with different anchor bases.
Overall, from four pairs of lanes representing untreated and activated Jurkat cell mRNAs, -700 bands could be evaluated.
Of these 4% appeared to represent species that increase on activation and as many as 2% significantly decreased on activation. T-cell activation is an extensively studied phenomenon and -80 genes whose expression is increased in the early phase of activation have been recognized (13) . In the present experiments, the estimated number of 3'-end mRNA sequences whose expression is altered within 4 hr after T-cell activation is an order of magnitude higher than might be presumed from earlier studies (2) (3) (4) .
One cDNA, JkR1, that was down-regulated on activation in both peripheral blood T cells and Jurkat cells was chosen for further study. Down-regulation of JkR1 in peripheral blood T cells was evident 4 hr after addition of ionomycin and diacylglycerol. When resting T cells were exposed to actinomycin D, JkR1 mRNA was relatively stable for up to 3 hr (data not shown). This raises the possibility that part of the downregulation might be achieved by mRNA destabilization. Schneider et al. (23) have studied a small group of GAS genes whose mRNA levels decline on refeeding cells with serum, and several of these mRNAs were, also down-regulated by desta- (20) . JKR1, however, is different from the GAS genes both in sequence and in the fact that the level of its mRNA was not decreased simply by refeeding but only after specific activation of T cells.
Strikingly, there are very few references in the literature to genes whose expression is down-regulated on T-cell activation (15, 16) . In addition, a gene with a zinc finger motif, cloned in our laboratory, is also down-regulated in 4-hr activated Jurkat and peripheral blood T cells (K. Prakash and S.M.W., unpublished results). The present results suggest that changes in the intracellular environment upon T-cell activation are a combined result of down-regulation of a set of genes in addition to induction of gene expression.
We have shown the ability of the present method to uncover multiple differences between rather similar samples of untreated and 4-hr-activated Jurkat cells. The reproducibility and extensive representation of mRNAs obtained with this method allow a systematic analysis of a sample, taking full advantage of sequence data bases. Since the lane and size of the band of a known gene can be easily predicted, gel patterns can be used to evaluate changes in the level of expression of known mRNAs prior to further analysis. As a large fraction of cDNAs become represented in the data bases as 3' expressed sequence tags (ESTs), one can use data base searches to limit or define candidate genes corresponding to any band whose abundance changes. This will be an increasingly powerful approach as more cDNA and genomic sequences accumulate. We are also exploring an approach to display internal restriction fragments of cDNAs by using either one adapter to display fragments produced by one restriction enzyme or two separate Y-shaped adapters for the fragments with two different restriction sites at their ends. This should allow unmasking of the differentially expressed cDNAs from others that share a common 3' untranslated sequence and hence could not be differentiated by displaying 3'-end cDNA fragments. Alternative spliced forms of an mRNA producing different sized internal fragments could also be analyzed. Furthermore, by using fluoresceinated primers, automated analysis of the control and test samples may be possible. And finally, the use of two different restriction sites, one within the adapter and the other within the heel primer, can expedite and orient the cloning. Because of its enhanced sensitivity this approach could be used to study the time course of appearance or disappearance of a set of mRNAs in a variety of eukaryotic systems and extrapolate back to shorter time intervals after initiating the stimulus.
Note. While the present manuscript was under review, an alternative technique to display restriction endonuclease fragments near the 3' end of cDNAs was described (24) .
